ligand for nuclear receptor transcription factors that regulate diverse cellular functions including cell differentiation, lipid metabolism, immune function, and maintenance of epithelial barriers. [4] [5] [6] [7] [8] Alpha-tocopherol (vitamin E) is an antioxidant molecule that influences lipid membrane oxidation, inflammation, and immune function. 9, 10 Vitamin D deficiency, determined by assay of 25-hydrocholecalciferol (25OHD), has been associated with altered calcium homeostasis, oncogenesis, cardiovascular disease, and inflammation. 11 Previous studies have identified deficiencies in lipid-soluble vitamins in association with clinical abnormalities including vision loss, decreased bone density, and coagulopathies in humans with EPI. [12] [13] [14] [15] A single published report, designed to assess the impact of dietary medium-chain triglycerides on the nutritional state of dogs with EPI, has described lipid-soluble vitamin status in dogs with EPI. 16 Significantly lower serum concentrations of retinol and 25OHD were identified in dogs with EPI compared with healthy dogs. No published reports had evaluated vitamin E status in dogs with EPI, but preliminary evidence suggests that vitamin E deficiency also is associated with EPI in dogs. 17 Correcting micronutrient deficiencies (eg, cobalamin) is a critical aspect of managing patients with EPI. Documentation of micronutrient deficiencies could inform novel therapeutic approaches to the treatment of EPI and provide new insights on its pathophysiology.
Our primary objective was to assess serum concentrations of retinol, 
| MATERIALS AND METHODS

| Animals, sample collection, and screening assays
All serum samples used in this study were obtained from residual material collected for a related study of dog EPI. All sampling methods and experimental procedures were approved by the University of Illi- for 10 days. On the final day of pancreatic enzyme supplementation, serum samples were collected as previously described.
| Vitamin analysis
All residual serum samples used for lipid-soluble vitamin analysis were frozen in individual aliquots immediately after collection, stored at −80 C, and thawed before analysis at the reference laboratory.
Previous studies have found that retinol, α-tocopherol, and 25OHD
are stable for months to years at temperatures lower than 3 | RESULTS
| Animal and group characteristics
During the study period, 114 dogs met the initial inclusion criteria and their owners were contacted by email. Eighty-two dogs were excluded because of a lack of response to the historical questionnaire, an inability to obtain medical records, or both. Serum samples were collected from 32 dogs with historical cTLI concentrations ≤5.6 μg/L. Six dogs were excluded after their follow-up cTLI concentration was found to be >5.6 μg/L. One dog was excluded after it was found not to have been was not significantly different across groups (P = .678). The sEPI group was significantly older than the EPI group (P = .006), but no other significant differences in age were identified among the other groups.
All dogs were fed diets that claimed to meet or exceed Associa- 
| Impact of pancreatic enzyme supplementation on vitamin concentrations in healthy dogs
Ten healthy dogs received pancreatic enzyme supplements with each meal for 10 days with no reported adverse events before resampling. 
| Differences in serum concentrations of lipidsoluble vitamins for experimental variables
Serum concentrations of retinol, 25OHD, and α-tocopherol were measured in all dogs in the EPI and sEPI groups ( Table 1) . The median (range) serum retinol concentrations were 490 ng/mL (322-990 ng/mL) and 566 ng/mL (248-940 ng/mL) in the EPI and sEPI groups, respectively Serum concentrations of retinol, 25OHD, and α-tocopherol were measured in dogs with EPI, sEPI, and healthy dogs before (PreEnz) and after (PostEnz) pancreatic enzyme supplementation. Additionally, serum concentrations of lipid-soluble vitamins were assessed when dogs with EPI and sEPI were combined into a single group and stratified based on the presence or absence of residual clinical signs. Parametric variables are presented by the mean AE SD and nonparametric variables are presented by the median and range (min-max). SD, standard deviation; RI, reference interval.
FIGURE 2
Comparison of serum 25OHD concentrations. Serum concentrations of 25OHD were compared between groups. There was no significant difference in 25OHD concentrations between groups. The line within the box represent the median value, the "x" within the box represents the mean, the box depicts the interquartile range, the whiskers show the maximum and minimum values Compared with RIs generated from a population of healthy dogs, this method of RI construction is prone to bias introduced by the sampled population, which at a referral laboratory would include a larger number of diseased or malnourished animals than exist in a typical population of healthy animals. Therefore, the RIs provided by this laboratory may not apply to the population of dogs sampled for our study.
Absorption of dietary fat and fat-soluble vitamins is dependent on sufficient intake, bile acid secretion, micelle formation, and optimal duodenal pH in the presence of pancreatic lipase. 25, 26 The nutrient profiles were not available for the diets of most dogs in our study.
However, all dogs in the study were fed diets formulated to meet or exceed AAFCO standards for adult maintenance for vitamins A (5000 IU/kg DMB), D (500 IU/kg DMB vitamin D3), and E (50 IU/kg DMB). In fact, individual dogs within each group were found to have been fed diets that exceeded the minimum AAFCO vitamin A, D, and E standards for adult maintenance by as much as 5-, 4-, and 9-fold, respectively. In addition, a few dogs were receiving supplements containing vitamins A, D, and E. Because all dogs in the study were receiving balanced diets, and the proportions of dogs receiving vitamin supplements were not significantly different among groups, diet and vitamin supplementation are unlikely causes for the differences in serum vitamin concentrations among groups. It is our opinion that the differences in serum vitamin concentrations among groups are a result of persistent dietary fat malabsorption, changes in vitamin metabolism associated with EPI in dogs, or both.
FIGURE 3
Comparison of serum α-tocopherol concentrations. Serum concentrations of α-tocopherol were compared between groups. α-tocopherol was significantly lower in dogs with EPI and sEPI compared with healthy controls. The line within the box represent the median value, the "x" within the box represents the mean, the box depicts the interquartile range, the whiskers show the maximum and minimum. Asterisks (*) denote statistically significant differences (*P < .001; **P = .02) FIGURE 4 Serum concentrations of 25OHD in dogs with persistent weight loss. When dogs with EPI and sEPI were combined into a single group, those with persistent weight loss were found to have significantly lower serum 25OHD compared to dogs with stable weight. the line within the box represent the median value, the "x" within the box represents the mean, the box depicts the interquartile range, the whiskers show the maximum and minimum values. An asterisk (*) denotes a statistically significant difference (*P < .043)
Dietary vitamin A is derived from preformed retinol, retinyl esters, or provitamin carotenoids (eg, β-carotene). 6 Retinyl esters must undergo hydrolysis to retinol by pancreatic or intestinal brush border enzymes in order to be absorbed. 8 Within enterocytes, retinol is reesterified to retinyl esters, which are transported to the liver and deposited in hepatic stellate cells. 6, 8 When hepatic vitamin A is mobilized, the retinyl esters are hydrolyzed to retinol which is transported in plasma and delivered to tissues by retinol binding protein (RBP). 6, 8 Unlike other mammals, substantial amounts of retinyl esters circulate with low-density lipoprotein (LDL) in dogs. [27] [28] [29] The relevance of this circulating pool of retinyl esters, and its impact on tissue metabolism of vitamin A is not well understood. However, in previous studies of dogs, circulating concentrations of retinyl esters were influenced substantially by dietary intake. 27, 28 Based on these observations, it seems that circulating retinol is a more accurate indicator of long-term vitamin A homeostasis than LDL-associated retinyl ester concentrations, because it is influenced primarily by hepatic storage and mobilization, rather than by dietary intake. The physiologic effects of vitamin A are mediated by RA, which is generated intracellularly from retinol in a tissue-specific manner. Vitamin E is a term describing a group of structurally similar antioxidant compounds, among which α-tocopherol has the greatest biologic activity. 6 Tocopherols are absorbed by passive diffusion by enterocytes, a process dependent on solubilization in micelles. 6, 35 Like retinol, α-tocopherol is stored in the canine liver and released with very low-density lipoproteins. 35 The most important physiologic effect of α-tocopherol is its role in stabilizing lipid membranes by preventing peroxidation of vital phospholipids. 36 Serum α-tocopherol concentrations were significantly lower in dogs with EPI and sEPI compared with healthy dogs. As with retinol, dietary fat malabsorption is likely an important contributor to the lower serum tocopherol concentrations in dogs with EPI. It is also possible that increased utilization of α-tocopherol because of oxidative stress could contribute to altered vitamin E metabolism in dogs with EPI. Long-term malabsorptive diseases such as EPI are associated with brown bowel syndrome (BBS), a condition associated with vitamin E deficiency. 37, 38 In BBS, vitamin E deficiency is thought to induce oxidative damage to mitochondria in enteric smooth muscle, resulting in atony and lipofuscinosis which may exacerbate the malabsorptive disease process. 38 According to a previous retrospective study, 25 and α-tocopherol. Regardless of the uncertainty related to the impact of pancreatic enzyme supplementation in the healthy dogs, the PostEnz group was considered to be the most relevant reference group for our study because all dogs in the EPI and sEPI groups were receiving pancreatic enzyme supplements at the time of sample collection.
Other limitations of our study are related to differences in the diets and duration of PERT among individuals. Dogs in our study were not fed a standardized diet, and some were receiving supplements containing vitamins A, D, and E. Because the proportions of dogs receiving supplements were not different between groups, it is unlikely that supplement administration confounded these results. In addition, the sEPI group is a poorly defined clinical population.
Previous studies of dogs with sEPI have found that its clinical course is highly variable. [18] [19] [20] Whereas some dogs progress to clinically overt EPI, others have equivocal cTLI concentrations that resolve spontaneously or persist for years without progressing to EPI. Given the small numbers of dogs in the sEPI group, and the variability of its clinical course, no firm conclusions can be drawn from these findings in terms of the clinical impact of lipid-soluble vitamin homeostasis in dogs with sEPI. However, these findings indicate that they are similar to dogs with EPI in that they have significantly lower serum α-tocopherol concentrations than healthy dogs, indicating similar alterations in lipidsoluble vitamin absorption, metabolism, or both.
In conclusion, we documented lower serum concentrations of retinol and α-tocopherol in dogs with EPI and lower serum α-tocopherol concentrations in dogs with sEPI despite PERT, relative to healthy dogs also receiving pancreatic enzymes. In addition, dogs with persistent weight loss had lower serum 25OHD concentrations than dogs with a stable weight. These findings could be because of long-term dietary fat malabsorption that is refractory to PERT. It is also plausible that altered systemic metabolism could contribute to the lower con- 
